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Systems and methods are described for performing spatial
and temporal compression of deformable mesh based rep-
resentations of 3D character motion allowing the visualiza-
tion of high-resolution 3D character animations in real time.
In a number of embodiments, the deformable mesh based
representation of the 3D character motion is used to auto-
matically generate an interconnected graph based represen-
tation of the same 3D character motion. The interconnected
graph based representation can include an interconnected
graph that is used to drive mesh clusters during the rendering
of'a 3D character animation. The interconnected graph based
representation provides spatial compression of the deform-
able mesh based representation, and further compression can
be achieved by applying temporal compression processes to
the time-varying behavior of the mesh clusters. Even greater
compression can be achieved by eliminating redundant data
from the file format containing the interconnected graph
based representation of the 3D character motion that would
otherwise be repeatedly provided to a game engine during
rendering, and by applying loss-less data compression to the
data of the file itself.
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1
DATA COMPRESSION FOR REAL-TIME
STREAMING OF DEFORMABLE 3D
MODELS FOR 3D ANIMATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of U.S. patent
Ser. No. 12/579,334 filed Oct. 14, 2009 entitled “Data
Compression for Real-Time Streaming of Deformable 3D
Models for 3D Animation”, which claims priority to U.S.
Provisional Patent No. 61/196,041 entitled “Data Compres-
sion for Real-Time Streaming of Deformable 3D Models for
3D Animation” to De Aguiar et al., filed Oct. 14, 2008. The
disclosure of U.S. patent Ser. No. 12/579,334 and U.S.
Provisional Patent No. 61/196,041 is incorporated by refer-
ence herein in its entirety.

BACKGROUND

The invention relates to computer generated graphics and
performance capture, and more specifically to compression
and streaming of optical performance data captured using a
deformable mesh based representation.

Three-dimensional (3D) graphics are widely used in many
fields such as animation movies, video games, virtual
worlds, virtual reality, simulation, ergonomics, industrial
design, architecture and many others. In 3D graphics, mov-
ing characters are typically represented using skeleton based
representations. A skeleton based representation involves
defining the articulating body parts of a 3D character,
attaching a surface or skinning the skeleton, and defining
how the skin moves as the skeleton moves. The skeleton is
manually defined either using software or by placing mark-
ers on an actor and capturing the optical performance of the
actor. However, more recently, approaches have developed
for capturing optical performances with higher fidelity using
a deformable mesh based representation of the optical
performance. Deformable mesh based representations as
well as other new surface based scene capture techniques
offer a great level of detail during 3D graphics creation being
able for example to capture motion of hair and clothes.
Unfortunately, the resulting scene representation is less
compact than skeleton based models, because the deform-
able meshes involve the use of large amounts of data to
dynamically represent independent position data streams for
every vertex. As such, in order to display each mesh in real
time for computer graphics applications for example, spe-
cific compression methods may be necessary. The need for
compression grows as the quality and detail of the meshes
increase. Additionally, there is not yet a rich toolbox avail-
able which enables easy post-processing and modification of
deformable mesh based 3D graphics creation.

Thus, there is a need to overcome these above noted
challenges while also overcoming the obstacles and short-
comings in the art.

SUMMARY

One embodiment of the invention includes specifying
parameters for an interconnected graph based representation
of the 3D character motion, automatically identifying mesh
clusters within the deformable mesh based representation of
the 3D character motion, automatically generating an inter-
connected graph based representation of the 3D character
motion based upon the motion of the mesh clusters during
the 3D character motion, and writing the interconnected
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2

graph based representation of the 3D character motion to a
file located on a storage device.

In a further embodiment, automatically generating an
interconnected graph based representation of the 3D char-
acter motion based upon the motion of the mesh clusters
during the 3D character motion further includes generating
an interconnected graph based upon the motion of the mesh
clusters during the 3D character motion, and generating a
smoothed mesh based upon the mesh clusters and the
interconnected graph.

In another embodiment, the parameters include a maxi-
mum number of mesh clusters, and the number of automati-
cally identified mesh clusters is limited to the maximum
number of mesh clusters.

A still further embodiment also includes performing a
temporal compression process on the time-varying behavior
of the mesh clusters.

Still another embodiment includes eliminating redundant
data from the interconnected graph based representation of
the 3D character motion.

A yet further embodiment includes performing a process
to loss-lessly compress at least some of the data within the
file.

Yet another embodiment includes a processor connected
to a storage device, where the processor is configured to
receive data describing a deformable mesh based represen-
tation of 3D character motion. In addition, the processor is
configured to automatically identify mesh clusters based
upon the deformable mesh based representation of 3D
character motion, the processor is configured to automati-
cally generate an interconnected graph based representation
of the 3D character motion based upon the identified mesh
clusters and the deformable mesh based representation of the
3D character motion, and the processor is configured to
write the interconnected graph based representation of the
3D character motion to a file on the storage device.

A further embodiment again includes at least one proces-
sor configured to receive an interconnected graph based
representation of 3D character motion, where the intercon-
nected graph based representation includes an intercon-
nected graph, smoothed mesh clusters, and at least one
motion definition. In addition, the at least one processor is
configured to select a motion definition and use the motion
definition and the interconnected graph to drive the
smoothed mesh clusters and render a 3D character anima-
tion.

Many of the attendant features of the present invention
will be more readily appreciated as the same becomes better
understood by reference to the foregoing and following
description and considered in connection with the accom-
panying drawings in which like reference symbols designate
like parts throughout.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a conceptual system diagram of the animation
system in accordance with various embodiments of the
present invention.

FIG. 2A is a block diagram of a compression/decompres-
sion system in accordance with various embodiments of the
present invention.

FIG. 2B is a conceptual block diagram illustrating con-
ventional streaming versus compressed streaming in accor-
dance with various embodiments of the present invention.

FIG. 3 is a block diagram of an end-user display device
in accordance with various embodiments of the present
invention.
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FIG. 4 is a flow chart of a conversion method in accor-
dance with various embodiments of the present invention.

FIG. 5 is a flow chart of a compression method in
accordance with various embodiments of the present inven-
tion.

FIG. 6 illustrates a series of images providing compres-
sion results with 10, 50 and 100 clusters with increasing
quality from left to right in accordance with various embodi-
ments of the present invention.

DETAILED DESCRIPTION

Generally, systems and methods are provided that enable
the compression and streaming of optical performance data
captured using a deformable mesh based representation. The
systems and methods provide a spatial and temporal com-
pression of deformable mesh based representation of 3D
character motion allowing the visualization of high-resolu-
tion 3D character animations in real time. In a number of
embodiments, the deformable mesh based representation of
the 3D character motion is used to automatically generate an
interconnected graph based representation of the same 3D
character motion. The interconnected graph based represen-
tation can include an interconnected graph that is used to
drive mesh clusters during the rendering of a 3D character
animation. The interconnected graph based representation
provides spatial compression of the deformable mesh based
representation, and further compression can be achieved by
applying temporal compression processes to the time-vary-
ing behavior of the mesh clusters. Even greater compression
can be achieved by eliminating redundant data from the file
format containing the interconnected graph based represen-
tation of the 3D character motion that would otherwise be
repeatedly provided to a game engine during rendering, and
by applying loss-less data compression to the data of the file
itself.

In one embodiment, optical performance data captured
using a deformable mesh based representation is compressed
by representing the optical performance using an intercon-
nected graph and mesh clusters, where the interconnected
graph and mesh clusters are automatically generated from
the deformable meshes. The transformation of a deformable
mesh based representation to an interconnected graph based
representation (i.e., a representation including an intercon-
nected graph and mesh clusters) can be referred to as a
compression process, because the amount of data used to
describe the interconnected graph based representation is
significantly less than the amount of data used to describe
the original deformable mesh based representation. Com-
pression processes in accordance with embodiments of the
invention are inherently lossy processes. A deformable mesh
based representation expresses the motion of the vertices of
individual meshes. An interconnected graph based represen-
tation attempts to achieve reductions in data storage and
processing requirements relative to a deformable mesh
based representation by effectively expressing the motion of
groups of meshes or mesh clusters using the interconnected
graph. The original mesh based representation cannot be
recovered from the interconnected graph based representa-
tion. The high fidelity of the deformable mesh based repre-
sentation, particularly with respect to small scale time vary-
ing shape detail in the captured performance such as
clothing and hair, is a function of the deformable mesh based
representation’s ability to express the motion of vertices of
individual meshes. Therefore, compression processes in
accordance with many embodiments of the invention
attempt to retain fine detail through appropriate selection of
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the interconnected graph to express the motion of small
groups of meshes in regions of the performance involving
high levels of detail and expressing the motion of large
groups of meshes in regions of the performance involving
low levels of detail. Accordingly, an interconnected graph
based representation generated in accordance with an
embodiment of the invention significantly reduces the
amount of storage space and processing power used to
represent the motion of a 3D character while still maintain-
ing a high level of fidelity to the original optical perfor-
mance.

The automated generation of an interconnected graph
based representation of a 3D character motion can be
contrasted with the generation of a skeleton based represen-
tation manually or via motion capture in that the intercon-
nected graph drives the entire mesh as opposed to just
defined articulating body parts. In a traditional skeleton
based model, a skeleton is defined based upon articulation
points, the skeleton is skinned, and the manner in which the
skeleton drives the skin is defined. Such an approach has
difficulty capturing small scale time varying shape detail, for
example clothes and hair, that don’t follow the bones of the
skeleton. By contrast, an interconnected graph is automati-
cally generated to drive mesh clusters identified from a
deformable mesh representation, and not simply to articulate
the body parts of the character. Stated another way, the
interconnected graph is automatically generated based upon
desired motion of the surface of the 3D character and a
skeleton is manually defined (either by hand or by placement
of markers during motion capture) to represent the articu-
lation points of the 3D character’s internal skeleton. An
interconnected graph can also differ from a skeleton in that
a skeleton is static and an interconnected graph can change
dynamically over time. In several embodiments, the inter-
connected graph based representation includes an intercon-
nected graph that changes from frame to frame or that
changes as necessary. In several embodiments, the fre-
quency with which the interconnected graph is changed is
determined based upon a desired level of compression for
the interconnected graph based representation.

In a number of embodiments, a combination of marker
based and performance capture is utilized in the capturing of
the original optical performance. In which case, a portion of
the interconnected graph can be defined by the markers and
the remainder of the interconnected graph can be generated
from the portion of the performance captured using a
deformable mesh representation.

The input to the method is a deformable mesh represen-
tation of a 3D character motion sequence comprising mul-
tiple frames. The deformable mesh representation includes a
mesh model having multiple vertices and triangles and
position data for each vertex at all time steps. The position
coordinate sets and the mesh model provides a description of
a 3D character’s motion from which a 3D character anima-
tion can be rendered.

Spectral clustering is employed to group seed vertices on
the mesh into approximately rigid segments. By using the
clustered seed vertices, the moving mesh is segmented into
kinematically meaningful approximately-rigid patches or
mesh clusters. Thereafter, adjacent mesh clusters are deter-
mined and the topology of the kinematic structure of the
mesh is found. In other embodiments, alternative processes
for grouping meshes are utilized.

Using the estimated topology, joint positions defining an
interconnected graph between interconnecting mesh clusters
are calculated over time. In order to eliminate temporal bone
length variations in the interconnected graph due to per-time
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step fitting inaccuracies, joint positions within the intercon-
nected graph can be updated at all time steps or on an
ongoing basis and an inverse kinematics approach is applied
to determine the subject’s joint parameters over time. In a
last step, appropriate skinning weights are calculated to
attach the learned interconnected graph to the surface to
produce a complete interconnected graph based representa-
tion from the original deformable mesh based representa-
tion. The extent of the compression that is achieved can be
impacted by the number of mesh clusters permitted in the
interconnected graph and the frequency with which the
interconnected graph is updated. The higher the number of
mesh clusters, the more data required to describe the inter-
connected graph based representation and the closer the
interconnected graph based representation is to expressing
all of the information in the deformable mesh based model.

Processes in accordance with many embodiments of the
invention automatically generate interconnected graphs by
segmenting the mesh model from the input deformable mesh
based representation into spatially coherent patches that
undergo approximately the same rigid transformations over
time. Initially, a subset of vertices that are distributed evenly
over the mesh model are selected. For the selection of the
seeds, a single reference pose, e.g., an initial pose, is selected
and a curvature-based segmentation is employed to decom-
pose the model into multiple surface patches. The seed
vertices are chosen as the vertices closest to the centers of
the patches. The motion trajectories of the seed vertices
throughout the whole sequence form the input to the spectral
clustering which automatically groups the seeds into a
number of approximately rigidly moving groups or mesh
clusters. The process utilizes the invariant that mutual dis-
tances between points on the same rigid part should only
exhibit a small variance while the mesh is moving.

In order to use spectral clustering, a spatial affinity matrix
is constructed in that the affinity values of vertex pairs with
large average mutual distance is reduced, which forces
spectral clustering to put spatially far apart groups of ver-
tices with similar motion into separate mesh clusters.

Spectral clustering is robust and allows inferences of
complex mesh cluster topologies as they are typical for our
motion segmentation problem. Instead of grouping the ver-
tices directly based on the individual values, spectral clus-
tering uses the top eigenvectors of matrices derived from the
spatial affinity matrix to cluster the vertices. This clustering
is robust against outliers and leads to more robust and
kinematically more meaningful segmentation. Additionally,
the optimal number of clusters can be automatically calcu-
lated based on the data set’s eigen-gap. In other embodi-
ments, alternative processes for identifying mesh clusters
are utilized.

Using optimal vertex clusters, triangle clusters are created
by assigning each triangle to the closest seed vertex class
considering the average Fuclidean distance from a seed
vertex. The resulting mesh clusters divide the mesh into
multiple approximately rigid surface patches.

In one embodiment, a structurally motivated distance
measure like a geodesic distance may also be used for
clustering the triangles and to determine affinities. However,
this may increase computation time considerably.

Given the list of mesh clusters, their associated seed
vertices and triangle patches, an interconnected graph struc-
ture of the animated mesh is extracted by finding its kine-
matic topology (i.e., find which mesh clusters are adjacent)
and, thereafter, by estimating the positions of the intercon-
necting joints for the whole sequence.

20

35

40

45

55

6

To determine which mesh clusters are adjacent, the tri-
angles are analyzed at the boundaries of the triangle patches.
Mesh clusters are considered adjacent if they have mutually
adjacent triangles in their respective patch boundaries. In
one embodiment, a patch may be adjacent to more than one
other patch. If more than two patches are directly connected
(e.g., patches associated with the surface of a head, torso and
arm), mesh clusters are sorted to determine which are truly
kinematically connected and which are not.

In one embodiment, a heuristic approach is used that
considers only those patches to be adjacent that share the
longest common boundary (in terms of the number of
adjacent boundary triangles). For instance, if head, arm and
torso are connected the number of neighboring triangles is
calculated for all combinations of patch pairings (e.g.,
head-torso, head-arm and torso-arm) and do not assign the
pair head-arm as adjacent mesh clusters since the head-arm
mesh clusters have less neighbors in comparison with the
other two options. For any adjacent pair of patches, a joint
has to be found later. In one embodiment, the mesh cluster
in the center of gravity of the mesh at the reference time step
is the root of the hierarchy. In other embodiments, alterna-
tive processes for determining adjacent mesh clusters are
utilized.

In order to estimate the joint positions between two
adjacent mesh clusters, the information from the sets of seed
vertices located on the mesh clusters only is considered, and
not the information from all vertices. Instead of solving for
the complete sequence of joint positions, the problem’s
complexity can be reduced by first aligning the segment
poses to a reference time step (e.g., the pose at time t=0 in
the sequence), then solving for a single optimal joint posi-
tion with respect to the two mesh clusters in the reference
pose, and finally retransforming the joint position into the
original poses of the two mesh clusters. To serve this
purpose, for each time step two rigid body transforms are
computed that align the positions of the seed vertices in both
sets with the positions of the seed vertices at the reference
time step. In other embodiments, alternative processes for
determining joint location are utilized.

For finding a joint location at the reference time, it can be
assumed that a good estimate for the correct sequence of
joint positions is the sequence of locations that minimizes
the variance in joint-to-vertex distance for all seed vertices
of the adjacent parts at all frames. Using this assumption
solves for the joint location at the reference time by using a
distance penalty based on the average Euclidean distance to
regularize the solution. Alternatively, a regularization term is
used by which the estimated joint position becomes closer to
the centroid position of the boundary curve between the two
adjacent body parts at all time steps. After identifying the
optimal joint location, the joint positions at all other frames
can be then computed. By repeating the above method to all
mesh clusters, all joint positions for the whole sequence are
constructed.

A consistent parameterization of an interconnected graph
in terms of joint parameters is feasible when the intercon-
nected graph has constant dimensions over time. However,
due to possible errors generated by aligning the mesh
clusters in the reference frame (mostly caused by subtle
(non-rigid) relative motion between vertices on the same
mesh cluster), the distance between vertices (i.e., joint
positions) in the interconnected graph may slightly vary over
time. The distances between vertices can be set to be
constant by stepping through the hierarchy of the estimated
interconnected graph from the root down to the leaves and
correcting the joint positions for each pair of subsequent
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joints in the kinematic chain separately. In other embodi-
ments, alternative processes for determining distances
between vertices in the interconnected graph are utilized.

Skinning is the process of attaching the surface mesh to
the interconnected graph in such a way that changes in the
interconnected graph pose lead to plausible surface defor-
mations. In one embodiment, a standard linear blend skin-
ning or a skeletal subspace deformation (SSD) method is
used as it is widely supported in games and animation
packages. In other embodiments, alternative processes for
skinning the surface mesh of the interconnected graph is
utilized.

Therefore, in order to use the SSD method to re-animate
the sequences using a more compact representation, weights
for each vertex are determined that provide information on
how much each mesh cluster influences each vertex.

The skinning weight distribution for each mesh cluster is
then determined. In one embodiment, the distribution is
based on the results of a heat diffusion process rather than
based on simple vertex proximity to the mesh cluster, which
makes the estimation process more robust. Additionally, the
entire sequence of mesh and interconnected graph poses
from the input are considered when finding optimal weights.
In a particular embodiment, the weight distributions are
solved for each separate video frame and thereafter averaged
to obtain a final distribution. The final weight distributions
for each mesh cluster are thus the average of the weights for
all frames.

The heat diffusion process provides smooth and realistic
blending weight distributions since it respects geodesic
surface proximity during weight assignment rather than
error prone Euclidean proximity. Additionally, by comput-
ing the optimal weights from all available poses, the gen-
erated interconnected graph representation faithfully repro-
duces the entire original mesh animation. Although heat
diffusion processes are referenced above, other processes for
determining blending weight distributions can be utilized in
accordance with embodiments of the invention.

In performing the above process or similar processes to
automatically generate an interconnected graph representa-
tion of 3D character motion based upon a deformable mesh
based representation of the 3D character motion, the amount
of compression that is achieved can be determined by a
number of parameters. In many instances, a compression
system in accordance with embodiments of the invention
selects a number of mesh clusters intended to balance
compression against loss of detail. Temporal compression
can be achieved by expressing the time-varying behavior of
the mesh clusters more efficiently by for example using a
Fourier Transform, Wavelet Transform, or spline interpola-
tion based representation. These representations provide
further compression and different levels of performance
depending on the type of motion to be encoded. Further
compression can also be achieved by applying a loss-less
compression process to the underlying data such as a Huft-
man coding variant.

In FIG. 1, a performance capture system captures a
person’s performance which includes the person’s body,
cloth and hair motion. The mesh-based performance capture
system expresses the deformation of the whole model based
on a few point handles. In particular, the capture system
utilizes a plurality of video cameras that record a subject’s
movements for a specific amount of time or video frames. In
one embodiment, prior to video-recording human perfor-
mances, a full-body laser scan of the subject in its current
apparel is taken. After scanning, the subject immediately
moves to the adjacent multi-view recording area. Multi-view
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capturing apparatus can feature K=8 to 12 synchronized
geometrically and calibrated video cameras. The cameras
are typically placed in an approximately circular arrange-
ment around the center of the scene (see video for visual-
ization of input). As part of pre-processing color-based
background subtraction is applied to all video footage to
yield silhouette images of the captured performers.

Once all of the raw data has been captured, an automatic
performance reconstruction pipeline 14 commences. The
raw scan is thus transformed into a high-quality surface
mesh with multiple vertices and triangles to obtain a com-
putational model of shape and motion. Additionally, a
coarser tetrahedral version of the surface scan including
vertices and tetrahedrons is created.

In one embodiment, performances are captured in a
multi-resolution way to increase reliability. For example,
first, an analysis-through-synthesis method based on image
and silhouette cues estimates the global pose of an actor at
each frame on the basis of the lower-detail tetrahedral input
model. The sequence of processing steps is designed to
enable reliable convergence to plausible poses despite the
highly multi-modal solution space of optimization-based
mesh deformation. Once global poses are found, the high-
frequency aspect of performances is captured. For instance,
the motion of folds in a skirt is recovered in this step. To this
end the global poses are transferred to the high-detail surface
scan, and surface shape is refined by enforcing contour
alignment and performing model-guided stereo. In other
embodiments, various alternate techniques are used to iden-
tify and capture various low-frequency and high-frequency
aspects of the performance.

The output of the method is a deformable mesh based
representation, which is a dense representation of the per-
formance in both space and time. It includes accurately
deformed spatio-temporally coherent geometry that captures
the liveliness, motion and shape detail of the original input.

In one embodiment, captured performance data is stored
in a storage medium or device accessible at a later time
and/or from a remote location. Captured performance data is
supplied to a compression system 16 that compresses the
performance data. The performance data is converted in one
embodiment from a deformable mesh based representation
to an interconnected graph based representation.

Referring now to FIG. 2, in one embodiment, the video
cameras are utilized to capture performance data of a sub-
ject. This data is supplied to a converter and compression
system that converts and compresses the deformable mesh
based representation of the captured performance to an
interconnected graph based representation of the captured
performance. A data conditioner is then applied to regulate
the stream or supply of the interconnected graph based
representation based on timing data associated with the
model relative to a clock signal or timing information to
supply the proper interconnected graph based representation
to a video processor to display the streamed data. The timing
information in one embodiment is supplied by a processor
executing an associated application for the animation to be
displayed.

As shown in FIG. 2B conventional streaming versus
compressed streaming is shown, in one embodiment, the
compression system generates a header for the first video
frame that includes a time decomposition header, weights
matrix, an interconnected graph describing regions connec-
tivity and a connectivity matrix. The converter converts full
mesh vertexes into decomposition coefficients of rigid trans-
formations of the mesh clusters for each video frame.
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In FIG. 3, an end-user device for processing and display-
ing an animated model in accordance with various embodi-
ments of the present invention is provided. In a number of
embodiments, the device includes a rendering engine (such
as the game engine in a consumer electronics device—for
example the Xbox360 manufactured by Microsoft Corpo-
ration of Redmond, Washington) that is capable of rendering
3D character animations utilizing an interconnected graph
based representation of various 3D character animations.
The game engine utilizes the interconnected graph, the
smoothed mesh clusters, and the definition of various types
of motion provided in the interconnected graph based rep-
resentation of the 3D character motion to render 3D char-
acter animations in real time. In several embodiments, the
interconnected graph based representation includes one
interconnected graph, one smoothed mesh and a variety of
motions. In a number of embodiments, a small set of
interconnected graphs and associated smoothed meshes are
provided for each 3D character. Each interconnected graph
and smoothed mesh can be associated with a change in the
character’s clothes or with different types of motion e.g.,
running or swimming. In a number of embodiments, the file
format containing the interconnected graph based represen-
tation of the 3D character provides further compression by
eliminating redundant information, and the game engine is
configured to read the compressed data. Examples of redun-
dant data include data present in each frame that the game
engine does not need to be continuously passed.

Referring to FIG. 4 a method of compressing deformable
mesh based representations of an optical performance is
illustrated. During the method, mesh models are supplied
from a mesh based representation of an optical performance
(301) for a predetermined set of video frames (302). The
mesh models for a plurality of the frames are used to
automatically generate an interconnected graph based rep-
resentation (303) of the optical performance that is then used
to generate each frame (306) according to given spatial
(304) and temporal (305) specifications.

In FIG. 5, vertexes (401) are clustered (402) according to
the desired final visualization quality. The motion of the
clusters of vertexes is expressed as rigid parts as a first pass
in the process (405). To allow smoothness of the generated
surface these weights are then handled by the matrixes of
weights (406) that are then generated to allow smooth
transitions between different clusters of vertexes in the final
smooth mesh (403). This can be achieved by changing the
weights of the vertexes closer to the part boundary. Different
values of smoothness can be achieved based on user’s input.
Exemplary compression results are shown in FIG. 6 based
upon specified maximum numbers of mesh clusters. The
number of allowed mesh clusters increases from left to right
in FIG. 6 from 10 (left), 50 (middle), and 100 (right) mesh
clusters. The compression losses increase when the number
of clusters is decreased. In particular, details like wrinkles
are lost when the number of clusters drops below a thresh-
old. In the illustrated example, the finer wrinkles are repro-
duced with fidelity in the 3D animation when the com-
pressed interconnected graph based representation of the 3D
character animation utilizes 100 mesh clusters. In other
instances, the number of mesh clusters utilized will depend
on factors including the level of fast moving fine detail in the
3D character motion.

In one embodiment, in order to optimally express the
motion of clusters of vertexes as rigid part and thus com-
press the data spectral clustering is used. As such, a trade-off
threshold can be defined between data quality loss and
compression. In many embodiments, the threshold is a
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function of the number of clusters used in the compression
of the mesh data. Additionally, a quantitative measurement
of the data loss can be provided as expected deviation
between the compressed and uncompressed mesh.
On top of the spatial compression described above, time
compression is achieved by expressing the time-varying
behavior of the mesh clusters. In various embodiments,
Fourier Transform, Wavelet transform or spline interpola-
tion techniques are used for time compression. In one
embodiment, temporal compression is provided where the
time-varying motion of the mesh clusters is expressed as a
combination of sinusoidal functions as derived from Fourier
Transform, as a combination of functions as derived from
Wavelets Transform, and/or through spline interpolation.
These techniques provide further compression capabilities
and provide different levels of performance depending on
the type of motion to be encoded. In one embodiment, the
processed data is then loss-less compressed by a variant of
the Huffman coding. In other embodiments, various tempo-
ral compression functions and loss-less compression algo-
rithms can be utilized in accordance with the requirements
of the specific application.
Although the present invention has been described in
certain specific embodiments, many additional modifica-
tions and variations would be apparent to those skilled in the
art. It is therefore to be understood that the present invention
may be practiced otherwise than specifically described with-
out departing from the scope and spirit of the present
invention. Thus, embodiments of the present invention
should be considered in all respects as illustrative and not
restrictive.
What is claimed:
1. A method for compressing a deformable mesh based
representation of 3D character motion, comprising:
specifying parameters for an interconnected graph based
representation of the 3D character motion;

automatically identifying mesh clusters within the
deformable mesh based representation of the 3D char-
acter motion;

performing a spatial compression of the deformable mesh

based representation of the 3D character motion by
automatically generating the interconnected graph
based representation of the 3D character motion based
upon the motion of the mesh clusters during the 3D
character motion;

changing the interconnected graph based representation

of the 3D character motion over time during different
portions of the 3D character motion; and

performing a temporal compression process on time-

varying behavior of the interconnected graph represen-
tation of the 3D character motion to achieve further
compression.

2. The method of claim 1, wherein automatically gener-
ating the interconnected graph based representation of the
3D character motion based upon the motion of the mesh
clusters during the 3D character motion further comprises:

generating a smoothed mesh based upon the mesh clusters

and the interconnected graph.

3. The method of claim 1, wherein:

the parameters include a maximum number of mesh

clusters; and

the number of automatically identified mesh clusters is

limited to the maximum number of mesh clusters.

4. The method of claim 1, further comprising retaining
fine detail through appropriate selection of the intercon-
nected graph to express the motion of small groups of
meshes in regions involving high levels of detail and
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expressing the motion of large groups of meshes in regions
of the performance involving low levels of detail.

5. The method of claim 1, further comprising eliminating
redundant data from the interconnected graph based repre-
sentation of the 3D character motion.

6. The method of claim 1, further comprising performing
a process to loss lessly compress at least some data.

7. A system configured to provide spatial and temporal
compression of deformable mesh based representations of
3D character motion, comprising:

a processor connected to a non-transitory storage device,
the non-transitory storage device comprising instruc-
tions that, when executed by the processor, cause the
system to:

specify parameters for an interconnected graph based
representation of the 3D character motion;

automatically identify mesh clusters within the deform-
able mesh based representation of the 3D character
motion;

perform a spatial compression of the deformable mesh
based representation of the 3D character motion by
automatically generating an interconnected graph
based representation of the 3D character motion based
upon the motion of the mesh clusters during the 3D
character motion;

change the interconnected graph based representation of
the 3D character motion over time during different
portions of the 3D character motion; and

perform a temporal compression process on time-varying
behavior of the interconnected graph representation of
the 3D character motion to achieve further compres-
sion.

8. The system of claim 7, wherein automatically gener-
ating the interconnected graph based representation of the
3D character motion based upon the motion of the mesh
clusters during the 3D character motion further comprises
generating a smoothed mesh based upon the mesh clusters
and the interconnected graph.

9. The system of claim 7, wherein:

the parameters include a maximum number of mesh
clusters; and

the number of automatically identified mesh clusters is
limited to the maximum number of mesh clusters.

10. The system of claim 7, further comprising instructions
that, when executed by the processor, cause the system to
retain fine detail through appropriate selection of the inter-
connected graph to express the motion of small groups of
meshes in regions involving high levels of detail and
expressing the motion of large groups of meshes in regions
of the performance involving low levels of detail.

11. The system of claim 7, further comprising instructions
that, when executed by the processor, cause the system to
eliminate redundant data from the interconnected graph
based representation of the 3D character motion.
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12. The system of claim 7, further comprising instructions
that, when executed by the processor, cause the system to
perform a process to loss lessly compress at least some data.

13. A non-transitory storage medium comprising instruc-
tions that, when executed by a processor, cause a computing
system to perform steps comprising:

specifying parameters for an interconnected graph based

representation of the 3D character motion;

automatically identifying mesh clusters within the
deformable mesh based representation of the 3D
character motion;

performing a spatial compression of the deformable
mesh based representation of the 3D character
motion by automatically generating an intercon-
nected graph based representation of the 3D charac-
ter motion based upon the motion of the mesh
clusters during the 3D character motion;

changing the interconnected graph based representation
of'the 3D character motion over time during different
portions, of the 3D character motion; and

performing a temporal compression process on time-
varying behavior of the interconnected graph repre-
sentation of the 3D character motion to achieve
further compression.

14. The non-transitory storage medium of claim 13,
wherein automatically generating the interconnected graph
based representation of the 3D character motion based upon
the motion of the mesh clusters during the 3D character
motion further comprises generating a smoothed mesh based
upon the mesh clusters and the interconnected graph.

15. The non-transitory storage medium of claim 13,
wherein:

the parameters include a maximum number of mesh

clusters; and

the number of automatically identified mesh clusters is

limited to the maximum number of mesh clusters.

16. The non-transitory storage medium of claim 13,
further comprising instructions that, when executed by the
processor, cause the computing system to perform steps
comprising retaining fine detail through appropriate selec-
tion of the interconnected graph to express the motion of
small groups of meshes in regions involving high levels of
detail and expressing the motion of large groups of meshes
in regions of the performance involving low levels of detail.

17. The non-transitory storage medium of claim 13,
further comprising instructions that, when executed by the
processor, Cause the, computing system to perform steps
comprising eliminating redundant data from the intercon-
nected graph based representation of the 3D character
motion.

18. The non-transitory storage medium of claim 13,
further comprising instructions that, when executed by the
processor, cause the computing system to perform steps
comprising performing a process to loss lessly compress at
least some data.



